Background The chronic kidney disease (CKD) classification system for children is similar to that for adults, with both mainly based on estimated glomerular filtration rate (eGFR) combined with fixed cut-off values. The main cut-off eGFR value used to define CKD is 60 mL/min/1.73 m 2 , a value that is also applied for children older than 2 years of age, adolescents and young adults. Methods Based on a literature search, we evaluated inclusion criteria for eGFR in clinical trials or research studies on CKD for children. We also collected information on direct measurements of GFR (mGFR) in children and adolescents, with the aim to estimate the normal reference range for GFR. Using serum creatinine (Scr) normal reference values and Scr-based eGFR-equations, we also evaluated the correspondence between Scr normal reference values and (e)GFR normal reference values. Results Based on our literature search, the inclusion of children in published CKD studies has been based on cut-off values for eGFR of >60 mL/min/1.73 m 2 . The lower reference limits for mGFR far exceed this adult threshold. Using eGFR values calculated using Scr-based formulas, we found that abnormal Scr levels in children already correspond to eGFR values that are below a cut-off of 75 mL/min/1.73 m 2 . Conclusions Abnormal GFR in children, adolescents and young adults starts below 75 mL/min/1.73 m 2 , and as abnormality is a sign of disease, we recommend referring children, adolescents and young adults with an (e)GFR of<75 mL/min/ 1.73 m 2 for further clinical assessment.
Introduction
Little is known about the epidemiology of chronic kidney disease (CKD) in the paediatric population. Various studies have reported a prevalence of CKD ranging from 12.1 to 74.7 cases per million children [1] . Children who have CKD may present to clinicians with a combination of problems involving growth, nutrition, electrolyte disturbances, renal osteodystrophy, anaemia and hypertension. In these cases renal transplantation follows end-stage renal disease (ESRD) often before the patient is 20 years of age. ESRD is a devastating disorder associated with excessive mortality and cardiovascular morbidity. The paediatric ESRD population encounters specific problems, such as impaired growth and psychosocial adjustment, all of which severely impact upon the quality of life [2] . Children requiring dialysis have mortality rates that are 30-to 150-fold higher than the general paediatric population. Therefore, early detection and management of kidney malfunction is crucial to delay or prevent progression of CKD to ESRD [3] .
Prior to 2002, the term 'chronic kidney disease' was not used, rather, the term 'chronic renal insufficiency' characterized patients who manifested a progressive decline in renal function. The latter was defined as a glomerular filtration rate (GFR) of <75 mL/min/1.73 m 2 [4] [5] [6] . CKD was defined by the National Kidney Foundation/Kidney Disease and Outcome Quality Initiative (NKF/KDOQI) Group as any patient who has kidney damage lasting for at least 3 months with or without a decreased GFR or any patient who has a GFR of <60 mL/min/1.73 m 2 lasting for 3 months with or without kidney damage [7] . The recent international guidelines published in 2012 by KDIGO (Kidney Disease/Improving Global Outcomes) reclassified CKD into six GFR categories, but the key "cut-off" value of 60 mL/min/1.73 m 2 remains [8] : In the absence of kidney damage (e.g. albuminuria), stage G1 and G2 cannot be considered as CKD; however, stage G3 is always considered as CKD, as only the GFR criterion is then relevant for the CKD diagnosis. In the context of this article, it is important to note that the KDIGO guidelines clearly state that this classification is applicable to paediatric subjects-with the exception children aged <2 years [8, 9] . The GFR values for younger children are actually lower due to ongoing renal maturation [10] [11] [12] .
As CKD is often asymptomatic in its early stages, it is both underdiagnosed and, as expected, underreported. This is in part the result of the historical absence of a common definition of CKD and a well-defined classification of its severity. Mass screening programs to detect CKD in children have been well established in several Asian countries, such as Kuwait, Japan, Taiwan and Korea [13] [14] [15] [16] . Conversely, screening programs have not been adopted in Europe, but urine screening dipsticks have routinely been used in healthy children for decades in the USA. Recent studies suggest that a urine dipstick is not costeffective in screening children [17] , and also the American Academy of Pediatrics recommend discontinuing this screening [18] . There is no doubt that the current CKD classification system described by NKF/KDOQI has increased awareness of the CKD problem in the general population, increased research efforts and stimulated interest in early detection. Retrospective studies based on this CKD definition also try to estimate the importance of CKD in the paediatric population.
A precise and early diagnosis is important to identify preventable or reversible causes of progression, predict prognosis and aid counselling of the children and their families. Screening programs are considered too costly and have therefore been abandoned, but there is now the possibility to automatically obtain an estimated (e)GFR from laboratory data using a height-independent eGFR equation [12] , enabling the laboratory to raise an early warning flag. Consequently, the choice of the cut-off value for an abnormal GFR is of utmost importance. In this article we present data to justify the choice for normal reference limits for eGFR [or measured GFR (mGFR)] for children, adolescents and young adults.
Methods
Starting from normal reference intervals of serum creatinine (Scr) for children, we calculated corresponding eGFR limits and compared them with normal reference values for mGFR obtained from literature. We then compared the percentages of children with normal and abnormal Scr with the CKD prevalence obtained from the Pottel equation [12] by applying this equation to a very large hospital database (from General Hospital Groeninge in Kortrijk, Belgium) where only unique patient measurements for enzymatically measured Scr were used. The database has been described in an earlier reported work [19] , but we briefly describe it here.
This database contains 317,045 consecutive entries, covering the time periods from mid-2003 up to the end of 2004 and from mid-2005 until the end of 2007 (due to a change in the informatics system of the clinical laboratory, results for the first half year of 2005 could not be retained). The majority of Scr measurements were routinely ordered as part of a basic investigation panel in clinical biochemistry. Consequently, most Scr concentrations were expected to be within the socalled normal range. After removal of all patients with serial measurements, we obtained a database of 51,304 observations, including n=8,505 observations for children, adolescents and young adults (aged between 2 and 25 years), for which we calculated the median and 2.5th and 97.5th percentiles for different age groups. Data on patients with serial measurements were disregarded because serial measurements are strongly correlated, especially if they were taken consecutively with little time between measurements. The database was seriously reduced by applying this criterion, leaving only one-sixth of the original data for analysis.
For this study, a sub-database was defined for subjects aged between 2 and 25 years. When only the first measurement of each subject was considered, a total of10,400 subjects were retained. These include the 8,505 subjects with unique Scr values that were used to calculate the median (or Q-value) and 2.5th and 97.5th percentile [19] .
A direct GFR measurement is generally unavailable, and the use of so-called estimating equations has therefore been recommended. For children, this is most commonly the Schwartz equation [20] :
Scr;
where L (in cm) is the height of the child and Scr is expressed in milligrams per decilitre. This equation requires the height of the subject, which is not commonly included in the clinical record.
We recently presented a new simple height-independent equation to estimate GFR in children [12] :
where Q is the median Scr concentration of healthy children of a specific age range. We also extended this equation to adolescents and young adults, where Q is a polynomial function of age, i.e. an extension of the linear equation for children [21] . Blufpand et al. independently validated the heightindependent eGFR-Pottel equation and concluded that it is a valid alternative to the eGFR-Schwartz formula in children and adolescents and could be used by the laboratory if height data are not available [22] .
In the study reported here, all statistical calculations were made in SAS 9.3 (SAS Institute Inc., Cary, NC).
Results
The frequency distribution according to age, sex and eGFR of all subjects enrolled in this study is presented in Table 1 . Table 2 shows the percentage distribution per age period for different cut-off values for eGFR and Scr/Q. Table 3 presents median values (Q) and upper reference limits (URL) for Scr in children, adolescents and young adults (age 2-25 years).
We found that URL/Q acquires a value of approximately 1.33. An example of the Scr and Scr/Q distribution for apparently healthy children aged 7-8 years is shown in Fig. 1, with Fig. 1a representing a histogram overlaid with the Gaussian distribution, with a mean Scr level of 0.44 ± 0.067 (standard deviation) mg/dL and Fig. 1b presents the same data for Scr but normalized for Q=0.44 mg/dL. Consequently, it follows that the average shifts towards Scr/Q= 1. For the average healthy child, adolescent or young adult, Scr/Q always has a mean of '1' and an upper reference limit of 1.33, corresponding to the 97.5th percentile. This is also illustrated in Fig. 2 , where all 8,505 Scr values were normalized by the corresponding age-matched Q-value from Table 3 and plotted all together in one histogram with the overlaid Gaussian distribution. This distribution has a mean of 1.0092 ± 0.1734. This demonstrates that by normalizing the Scr values for each age group, the age dependency disappears: Scr/Q is therefore generally applicable (for children, adolescents, and adults) with a mean of 1.00 and URL equal to 1.33. This also means that children, adolescents and young adults with a Scr/Q of > 1.33 have abnormally high Scr values. Given this information, it is possible to estimate the effect of Scr/Q on the eGFR. This extreme value of Scr/Q=1.33 corresponds to an eGFR=107.3/1.33≈80 mL/min/1.73 m 2 . If the eGFR is calculated using this formula for every child in our example of 7-to 8-year-old children, we obtain the eGFR distribution shown in Fig. 1c , which shows both the current CKD cut-off of 60 mL/min/1.73 m 2 and the (e)GFR lower limit of 75 mL/min/1.73 m 2 . In Fig. 3 we present the eGFR data calculated using the eGFR-Pottel equation (eGFR = 107.3/[Scr/Q]) for all 10,400 children, adolescents and young adults enrolled in our study. This distribution has a mean of 107.6 ±17. 
Discussion
Prior to the introduction of the KDIGO classification system, various GFR thresholds were used to diagnose CKD. For example, the ItalKid Project, a prospective, population-based Italian study on CKD epidemiology [5] , and the North American Pediatric Renal Trials and Collaborative Studies (NAPRTCS) [6] both defined CKD as an GFR of <75 mL/min/1.73 m 2 . The Chronic Kidney Disease in Children (CKiD) prospective cohort study enrolled 586 children aged between 1 and 16 years with an eGFR ranging from 30 to 90 mL/min/1.73 m 2 [3] , of whom 540 children had eGFR of <75 mL/min/1.73 m 2 [23] . KDIGO refers to the CKiD study as the only largescale study utilizing a validated exogenously measured GFR (iohexol) in a well-described cohort of children with renal disease. The inclusion criterion for GFR was not 60 mL/min/1.73 m based upon a level that is 50 % of the average mGFR for 20 year-old adults [7] . This highly arbitrary, disease-defining, fixed CKD diagnostic threshold for a 20-year-old is mathematically attractive (50% of the norm) but not epidemiologically sound [26, 27] . The value of 75 mL/min/ 1.73 m 2 used for children in the above-mentioned studies is based on broad clinical experience and is probably more scientifically sound than the arbitrary choice of one-half of 120 mL/min/1.73 m 2 , as no true rationale for that value was available at that time.
The availability of reference values of mGFR for children is scarce. The most important and most referenced article is that of Piepsz et al. who published normal reference intervals for 51 Cr-EDTA [28] for children aged >2 years, with a mean [32] presented mean ranges for mGFR obtained via inulin clearance in adolescents without kidney disease of 112 ±13 to 117±16 mL/min/1.73 m 2 . Based on these values, obtained from relatively small studies, the GFR would be expected to range from approximately 85 to 150 mL/min/ 1.73 m 2 in 95% of healthy adolescents. Fadrowski and Furth [32] concluded that it is not yet possible to define a 'normal' eGFR cut-off using the CKiD equations, but it is likely that the cut-off is <90 mL/min/1.73 2 . Based on the above cited .975 with 76 cm<L <166 cm) [21] . Using this linear equation for Q, our equation becomes eGFR = 0.376 L/Scr, which is close to the wellknown Schwartz equation. This value of 0.376 is also the average in children in the age range of 1-14 years of k = 0.0414 × ln(age) + 0.3018, being the age-dependent k-value in the Flanders Metadata equation [11] .
We have shown in the Results section that the upper reference value of Scr/Q = 1.33 is also valid for adolescents and young adults. Therefore, eGFR = 80.67 mL/ min/1.73 m 2 also corresponds to the upper limit for Scr for these subjects. The CKD-EPI equation [33] has been validated for adults between 18 and 65 years. The upper limit of Scr for young male adults and young female adults is 1.16 and 0.93 mg/dL, respectively (Table 3) . . This is clearly demonstrated in the example shown in Fig. 1 .
A young adolescent boy of 18 years old would need an Scr value of 1.65 mg/dL (which is more than 1.8-fold higher than the average of 0.90 mg/dL for healthy young males at this age and far above the normal upper reference value of 1.16 mg/dL) before he would reach the eGFR cut-off value of 60 mL/min/1.73 m 2 for CKD based on the CKD-EPI equation. This same value of 1.65 mg/dL for Scr results in the same eGFR prediction when the eGFR value is based on eGFR equations for children and adolescents: eGFR =107. . These values demonstrate that Scr raises a much earlier warning flag than eGFR-solely because of the arbitrary threshold of 60 mL/min/1.73 m 2 , which is much too low for children, adolescents and young adults.
In 2011, we proposed a simple classification system for CKD based on the Scr/Q value for adults [35] . This classification system uses Scr/Q = 1.5 to define CKD stage G3a, corresponding to eGFR = 107.3/1.5=71. With respect to the limitations of our study, it is important to note that we are aware that the vast majority of children with CKD stage G2 have either structural abnormalities or markers of kidney damage (urine sediment or electrolyte abnormalities), as the most common pathologies are congenital anomalies of kidney and urinary tract (CAKUT) and glomerulonephritis. Sensu stricto, the CKD status is reached when structural abnormalities are present. However, there is no doubt that the level of GFR is important and will impact the choices made by nephrologists with respect to therapeutic approach and subsequent treatment of patients.
Conclusion
Based on the arguments presented in this article (clinical experience, reference values of mGFR, lower limits for eGFR calculated from upper limits of Scr levels), it is clear that the lower limit for (e)GFR for children, adolescents and young adults equals 75 mL/min/1.73 m 2 . Based on the currently used cut-off of 60 mL/min/1.73 m 2 in the CKD classification system and in cases where there are no other signs of kidney malfunction, a fraction of subjects with abnormal Scr values, and thus with abnormally low eGFR (<75 mL/min/1.73 m 2 ), will not be referred to the nephrologist within an acceptable time span. We therefore encourage the utilization of heightindependent eGFR predictions combined with a cut-off value of 75 mL/min/1.73 m 2 as an early warning flag in the clinical laboratory report. The nephrologist still needs to make the definite diagnosis for these children. eGFR reporting combined with the eGFR cut-off of 75 mL/min/1.73 m 2 will help in identifying children, adolescents and young adults 'at risk' for progression towards CKD. Prospective studies are needed to determine whether asymptomatic children 'at risk' (with eGFR of <75 mL/min/1.73 m 2 ) indeed progress towards CKD.
